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STABILITY OF A BODY STABILIZED BY FINS
AND SUSPENDED FROM AN AIRPLANE
By W. H. Phillips

STUMMARY

A theoretical investigation has been made of the
osclllrtions performed by suspended bodles of the type
commonly used for tralling alrspeed heads and simllar
towed devices. The primary purpose of the 1lnvestlga-
tion was to design an instrument that wlll remain stable
as 1t 1s drawn up to a support underneath an alrplane
wilthout attention on the part of the pllot. Flight
tests of a model alrspeed head were made to supplement
the theoretical study. Unstable osclllatlions of the
body at short cable lengths were predicted by the theory,
but the rate of increase of amplitude of these oscilla-
tions was very small. In flight tests, mors violent
types of Instabllity were belleved to be caused by
unsteady or nonuniform alr flow in the reglon where the
cable was lowered from the alrplane. No practical
method was found to provide large damplng of the oscil-
lations at short cable lengths, but the degrese of
stabllity present in a sultably deslgned suspended
body was shown to be satlsfactory if the body was
lowered into a unlform alr stream.

INTRODUCTION

Suspended devices that conslst of heavy streamline:.
bodies stablllzed by fins have been used in the past
for various nurposes. A frequent application of this
type of device is the suspended alrspeed head used for
the accurate measurement of airplane speed (reference 1l).
Certaln difficultles have been encountered in the use of
. these instrumsnts because of unstable oscillatlions of
the cable and suspended body. One common type of
Instabllity has been a tendency of the instrument to
swing violently back and forth and from side to side as
it was drawn up close to the ailrplane. Because of this
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tendancy, these Instruments need conslderable attention
in handling and usually regquire the servicss of a person
other than the pilot. Another type of instabllity has
been an osclllation of the body and whipplhg action of
the cable when the body was being towed at the full
length of the cable. This motion has occurred only
when the Instrument was lowered from certalin aslirplanes.

The present Investlgation was undertaken in an
effort to develop a type of tralling airspeed hesad that
could be lowered from und drawn up to a support under-
neath the airplane without close attentlon. This
requlrement necessltates that unstable osclllatlions of
the Instrument be avoided ut any cable length.

A study of both lateral and longltudinal oscllla-
tlons of the body and cable system was mads 1n refer-
ence 2. This study was bassd on thes assumptioa that
the damping of the motion due to cir rorces on the
cabls could be neglected. The present lnvestlgatlion
shows that thls aszumption leads to erroneous conclusilons
with regard to the boundarisas of stabllity.

SYMBEOLS
m mass of towed body
¥ lateral dilsplacement
Cy coefficisnt of side force or vartical taill
Ye lateral displacement of cahble elemsnt
4 angle of yaw
N yawing moment
B angle of sldesllp
v forward veloclty
] tall length
Y lateral force

moment of inertla about vertical axis

ac
a slove of taill 1ift curve (negative) (%;g)
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8 vertical-tall area

P air density e

Z vertlical distance between alrplane and body

% vertical distance
g acceleration of gravity
effective drag; also, operator, indicating differsntia-
tion with respect to time (;t
D! nondimensional operator (DT)

Dy, drag of body

Ta

Dg total cablas drag

cDb drag coefficient of body 2
£vs

Cp, equivalent drag coefflcient of cable

KWoZ 2 A (z
[ S Jflcdc 7 4 ?i]
(6]

Cp ef'fective drag coefflcilent (CDb + CDc)

X horizontal distance between airplane and body
ca drag coefficlent of cable per unit vertical
c cable drag
haight

§v2w° a
F Frovde number %—
B relative-density coefficlant (' = )

‘731

R ratlio of tall langth to vertical distance below

airplane (1/2)

Cqy momant-of-inertia factor (k/l)2
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k radius of gyratlon
t time
m
T time unit [ —
Lus
a,b,c,d,e coefficlants of quartic
W, cable dlameter
] angle of cable with horizontal
K fraction of cable side Torce appllsed to body
Yy slde force on hody
Y, slde force on cable :
P pariod of osclllstion
Nl/o number of cycles to damp to one~half
- amplltude
1l ¢y
¥p =10 3B
S o) 4
Y " m Oy
_ 1 ey
Y& ~m Oy
1 0Y
Yy = n 3
N. = 1l oN
[y
- L8N
Ny =G oy
A dot over a symbol indicates the flrst derivative

of the quantity wilth respect to tlme t and two dots
ovar a symbol Indicates the second derivative.

THEORWTICAL INVHSTIGATION

Because of the axial symmetry of a tralling alrspeed
head, its longitudinal and lateral motions occur
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independently. These types of motion may, therefore,
be treated separately._ . The lateral motion of the
Instrument will be analyzed in considerahle 'detall
because this mode of motion 1s theoretically moat
likely to become unstable.

Lateral Oscilllatlons

Mathematical treatment is possible only for the
case of small oscilllations, for which the forces acting
on the body vary linearly with the displacements and
angular veloclties. The instrument will swing from
8ide to silde like a pendulum but, for small amplitudes,
1ts motion may be considered to take place in a hori-
zontal plane, A restoring force depending on the
cable longth under consideration will be assumed to act
throurh the pivot point.

The subsequent analysls indilcates that the drag
force on the cable and body has an important influence
on the dampling of the oscinations. In practice,
almost all ths drag acts on the cable. For purposes
of analysis, however, an effective drag force due to
the cable wlll be assumsd to act on the body at its
center of gravity. The relatlon between this effective
drag force snd the characteristics of the cable will
be discussed later.,

The notatlon used in considering the lateral motion
is shown in figure 1. The equatlions of motion with
respect to a fixed system of axes are as follows:

o Y _ _ dY _ . dY _ ; dY _
my-ﬁ'gr; YE-Y-&.—’-_:_-\VBTV-O

o

" oN oK -
Cq"p%ﬁ"!’%—q‘,‘
§-v=28

_ In order to simplify the notation, let D = é%
and define the stability derivatives

_l1l¢ey
s =m 3B
N _ 10N
p~¢C B
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and define the other derivatives similarly. The se
equations may be solved by the usual procedurs of
setting the determinant of the coefflclents equal to
Zero. This determinant may be expanded to glve the
quartic

aD* + vD° + ¢D° + dD + e = O (1)

whare

d = -Ng¥y + YNy
e = -YyNC-;

In order to find the nature of the motion from
equation (1), it 1s necessary tc evaluate the stability
derivatives 1n terms of the dimensions and asrodynamic
characteristics of the lnstrument. In setting up a
8implified form for the stabllity equation, it 1s
sufficiently accurate to assume that aerodynamic forces
other than drag forces wlll act only on the vertical
fin of the lnstrument. The derivatlon of the expression
for Yﬁ 1s glven as &n example:

oY
Y=p SE
= pagvzs
where
ac
a = —L
dg
oY _ 2
6 = agv S
1 97
Y3 = o e
agvgs
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The other aerodynamlc derlvatives may be determined in

a similar mamner. Only the derivatlves related to the
forces. exerted by the cable require special conslderatilon.
The ¥Y-force caused by a lateral displacement of the “body
is found by assuming that the body and cable system,

when viewed from the front, deflects ms a simple

pendulum (fig. 2). The restoring force due to a small
deflection y of the body suspended a vertical dis-
tance Z Dbelow the airplane 1is

3Y _ m
oY Z
1 oY
Ty " u 3y
- B
Z

The derivative Yy 1s found from the drag force
acting on the body and cable. A drag force acting on
the body will have a component of slde force as shown
in figure 3. Thus

Y = D€ + V)

_ vy

TV

=C:Db'§V23:Iz
oY Oy 2
s cDbzs (2)

, - 19Y

Y& T m E;
Evs
..CDb -

Inasmuch as the drag of the cable ordinarily far
exceeds the drag of the body, the value of the deriva-

tlve Y§ wlll be princlpally determined by the cable
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drag. The method of calculating an equlvalent drag
coefficlent Cp, to take into account the seffect of the

cable 1s given 1n the appendlx. The derivatlve Y}
1s than given as follows:
fvs
Y5 (cDb + cD)
. gvs
GD =
The value of the coefflclent CD may be determined as

a functiocn of the ratlo of horizontal length to helght
of the cable X/Z from figure 4.

All the aserodynamle darivatives have bessn evaluated
in terms of the Adimensicns of the body and cahle system.
In order to reduce th3 number cf varlables, it is con-
vonlzant to sxpreas thess dorivetives in terms of non-
dimensional ratios of the gnantities Involved, whlch are
given as follows:

Froude number, ve

gl
Relatlve-dansity coefflcient,

p:—l;n—.
£t .

Ratio of tull length to ve"tical distance of body btslow
peint of support,

1

N

Moment-of-lnertia factor,

(k) @
€y = \z)
Time 1s expressad 1n terms of the time unilt T = Em .
S5V3

When the derivatives are expressed in terms of these
varlables, the stabllity guertic becames

2

aD'4 + bD'" 4 oD + dAD' + 6 = O (3)
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where

and

2 ac

ap - R 2D

o =-gk i iR D
apCp apZR

4= Tt T

o = -2

The stabllity of the towed alrspeed head may be
determined by substituting numerical values in the
formulas for the coefficlents and factoring the quartic.
The two quadratic factors determine the perlod and
damping of two modes of oscillatlon. One quadratic
factor ylalds values of thoe period and damplng very
close to those obtalned with a simple pendulum having
a length equal to the vertical distance of the towed
body below the alrplane and damplng equal to that
supplied by the drag force. The other quadratlc
factor glves an osclillation that has values of perilod
and damping very close to those of the body rotating
as a weather vane sbout a vertlcal axis through 1ts
center of gravity. The weather-vane osclllation
generally has a short period and 1s always rapldly
damped. The damping of the pendulum osclllatlon 1s,
however, very slow at short cable lengths, because
the cable drag 1s small.

The coupling between the two modes of oscilllatlon
introduces the possibllity of Instability of the pendulum
oscillatlon. In order to find the conditions for
Instabllity, the coefflclents of the quartlc may be
substituted in Routh's dlscriminant, which states that
the motlion will be stable if the coefficients satisfy
the relation

(be - ad)d ~b%e >0 (4)
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When the values of the coefficlents (equation (3))
are substituted in formula (4), Routh's discriminant
becomes

3.2 :
1 (52 OowRD) 1 ( awRCp aOpuR MROp? , PR
P2 ® F C1 C1 C1 C1

The expreasasion 1s glven in this lform merely for the suke
of completeness. In practice, a great simplification
may be made, with negligible loss of accuracy, by neg-

lecting the small term -~ ng in cosfflcient ¢, for-
mula (3). The simplified form of the discriminant is

2Cp _ = a
—_— - -at -8 = =
ST Ty C (CD ® T T

2
Ry 2aCp ( 1
- 1 + —

(0] Ci

The minus sign before the expression Cp - a - é% glves
one condition for stabllity

F 1
" < I (8)
-a(? + =~

Gy

and the plus sign before the same expression glves
another condition for stabllity

F _ Ci(Cp - a)
Rp -aCp

(6)

Boundaries of stabllity are plotted in figure 5. It 1s
3een that below a certain small value of the param-
eter F/Ru, glven by formule (5), the motion 1is stable
for all values of the drag coefficlent. As ¥/Ru 1is
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increased above this value,:fhs motion is unstable until
the boundary of stability given by formula (6) ls reached.
The m7§10n then becomes stable again'at all higher values
of F/Rp. :

Examples have been worked out from the general
boundaries of stabllity (flg. 5) to show the variation
of stability.of an actual airspeed head as the cable
length is changed. The characteristics of the alrspeed
head and cable used in the calculations are as follows:

m’ 81118 N EEEREEREEEEREEENNN RN NI I I A I NI B A BB R B B NI A I [ N ] 0.466
L’ foot T EEREEEEEEEEREEE NN NN I I B B R R R EE R B I N I A [ ] 0:45
s, square foot EEEEEEREEEREENEN NI B A BRI BN ECE I B BRI N 0.25
k’ foot Y EEEEEREEE I A A B I N Y R R B N R N R R RN BRI R R I B 0.416
Aspect ratio N R EEEEEE XN NI B R R A B I N B NI R R BB R B 2.25
al, per radian [ EEEEREENERIENE I R A I I N R R B R R NI R R R R I I -2 s 10

1l..l.l..l......Il..IIllI.Il...l'll.‘l.....l... 0l855

wc’ inCh 8 6 08 &0 00 0000829 0000 e P S e NP eSS OLRB e oS 0.375

Cable welght, pound per foot sceecerosescanvsccee 0.05
P, s8lug per cublic foOt se.veeccsciccncessacansee 0.00238

The cable length 1s plotted agalnst the effective
drag coefflclent Cp = CDb + ch in figure 6. The

method for determining this curve is given in the appendix,
The bouncarles of stablllty for this partlcular case are
plotted in the same figure in order that the region of
Instability may be found. As the body is lowered from

the eirpisne, 1t will be stable for a very short dlstance
and will t%e:l become unstable untll ths urpsr btoundary

of stabiil%y 1s reached. The upper boundary of stabllity
occurs wken the body 1s 2.8 feet below the point of support
at an airspssed of 200 feet per second, or 6.3 feet below

at 100 feet per second. For all greater cable lengths,-
the body will be stabloa. When ths body is drawn up to

the airplane, 1t wlll again pass through the unstable
reglion.,

The period and degree of damping of the oscillation
at various cable lengtha for the alrspeed head having the
characterlstlics previously given have been calculated
by substituting numerical values in formula (3) end are

glven in the followlng table for an airspeed of 100 feet
per second:
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Distance below Pendulum Weather-vane
alrplane, oscilllation osclllatlon
Z

(£t) P P N
(sac) N (sec) N}/ﬁ,
4,0 2.22 25.4 to double amplitude|{ 1.08| Z.87
6.3 2.86 o’ (neutrally staktle) 1.07} 4.10
10,0 2451 20.0 toone -helf amplitude|] 1.06| 4.28
20.0 4,95 1.95 to one-helf ampllitude] 1.07]| 4.34

From these calculations 1t 1s seen that the damping or rate
of dlvergence of the psndulum oscillation 1s very small

for cable lengths some dlstance on either slide of the
stabllity boundary. For the longest cable length, how-
ever, the oscillation damps to one-half amplitude fairly
rapidly.

The boundaries of stablllity determined theoretically
are In good qualitatlve agreemsnt with the observed
belkavior of the NACA tralling alrspeed head. Actually,
there 1s no sharply defined boundary of stahlllty because
the osclillation 1s only slightly damped after the body
hes been lowered some distance into the stable reglon.

As will te explalned later, disturbing influences not
tulen Into account in the theory may cause an unstable
osclllation of the body when it would theorsatically
hava a slizhtly damped osclllation.

The boundariaes of stability shown in figure 5 indicate
that, when the drag coefficient is zsro, the body will be
unstahle at all valuss of cable length greater than that
corresponding to the lower stability boundary. For very
small values of the drag coefflclent, such as would be
obtained by neglectlng the cable drag, the theory
indicates that the body will be unstable over a large
range of values of the cable length. The results of
reference 2, 1n which the damping effect of air forces
on the cable 1s neglected, are therefore believed to be
In error,

Investligation of Modificatlons to Improve Stabillity

In order to Investigate the changes that might be
made to Improve the stabllity of a conventional type of
alrspeed head, it 1s convenient to express the condltion
for stabllity (formula (6)) in the following form, where




NACA ARR No. 1L4D18 13

the nondimensional expressions have been removed by
substituting the dimensional quantities that they
replace: L . -

1, k2/12 K2 /12

(7)
2" .alvylg. D
mg:z 0.2

where k 4is the radius of gyration about an axis
through the pilvot peint and D 1s the effecfive drag
obtained by multiplying ¢y = Cp,. * cDb by 52v23,

c -

The curves of figure 5 show that the reglon of
instabllity for a conventional type of towed body can
never be entirely eliminated. The followling changes
would tend to restrict the unstable region to a reglon
closer to the alrpleane:

(a) Decrease in weight mg
(b) Increasse in drag
(¢) Increase in area and aspect ratio of fin

(d) Decrease in ratio of radius of gyration to
tall length k/1

The first two changes are impractical because they
Interfere with the usefulness of the Instrument as an
alrspeed measuring device. The second two changes,
howevar, provide practical methods of improvement. For
example, the greatest dlstance below the alrplane at
which unstable osclllations occur in the example
previously given could be decreased from 6.3 feet to

4.2 feet by doubling the tall length without increasing
the radlus of gyration. This change could be accomplished
by mounting a light set of fins on a boom behind the
instrument. Formula (7) indicates that increasing the
speed wlill restrict the unstable reglon to shorter cable
lengths. Once the osclllation becomes unstable, however,
it will probably increase in amplitude faster at higher
airspeeds, It may be advantageous, therefore, to ralse
and lower the body at low flying speeds.

The use of special devices to improve the stabllity
wlll now be consaldered. It haes been found by the writer
that the two modes of oscillation given by a quartic
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will damp to one-half amplitude in the same time 1f the
coefficients satlsfy the relation
3
L-E+d=0
8 2

Svch a condltlon will give the optimum use of dampling

In the system. Throush examination of the cosffilclents
of the quartic, forimla (1), it is found that this
relation may bs satisfied by grestly increasing the
dampling in yaw N¢ or by reducing the directional
stability N almost to zZero. Physlcally, a condlitlon

1s thus reached &t which the body remains approximately
parallel to the average directlon of flicht as it swings
from side to side instead of turning into the relatlive
wind. Forces are thereby brought 1nto play to damp

out the pendulum osclllation. - &

The foregoing method of obtalning stabllity may
also be exvlained in terms of the stablllity boundariles
plotted in figure 3. In the small stable region balow
the lower boundary of stability, the pendulum oscil-
lation 1s damped out by the mechanism just described.
By recducing the dirsctional stabllity and increasing
the damping in yew, the lower boundary of stabllity is
raissd to higher values of F/Ru. It 1s theoretically
possible, by using speclal devices that arbitrarlly
increase the damping in yaw or reduce the dlrectional
steblllity, to raise this stabllity boundary so that
the unstable reglcon is eliminated. It will be noted
that thls method of improving stabllity is different
in principle from the one described following for-
mula (7). Tha method based on formula (7) consisted
In extending the stable ragion by lowering the upper
boundary of stablilit—, The method now bhsing considered
consists 1n ralsing the lower stablility boundary.

It has besn found improssible, in practice, to
reduce tho dlrsctional stabllity of a convsntional
towad body to the sextremsly small value required.

The body of tke instrument 1s generally unstable and
som3 fin area 1is required to give nsutral dlrectional
stability. Any small change 1n the characteristics
of the body dus to Retnolds number or due to small
changes 1n shaps would bs sufflicisnt to muke 1t sither
directionally unstable or too stable to obtaln damping
by virtue of its low dirsctional stability. The
alternative, greatly increasing the damping 1n yaw,
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might be accomplished by operating the rudder of the
instrument by means .of. & gyroscopic element to cause

the rudder to deflect an amount proportional to thé -
yawing veloclty. The complication introduced by such

a mechanism would probably make the method impracticable.

Another method of increasing the damping in yaw
and at the same time reducing the directional stablility
1s to use two flns, one at the front and one at the rear
of the body. Calculations show that the directional
stabllity must be reduced to a very small value (approxi=-
mately 4 percent of the stability contributed by the
rear fin) in order to avoid the unstable oscillations.
A moderate decrease in directional stability, even when
comblned with a damping in yaw of 20 times that for a
conventional body, wlll not avold the unstable oscilla-
tions. If the requlred small directional stabllity
could be obtained, any slight misalinement of the front
and rear fins would cause the body to trim at a high
11ft coefficient. This conditlion would cause the body
to fly out to one side and would also make it undesirable
as an alrspeed measuring device.

Longitudinal Oscillations

The longitudinal motion of a towed body has been
treated theoretically in reference 2. This analysis
neglected the damping of the motion contributed by alr
forces on the cable., The boundaries of stabillity
calculated In reference 2 are therefore believed to be
unconservative.

In practice, the fore-and-aft pendulum motion of
the body has never been observed to become unstable at
long cable lengths. It 1s noted that the effect of
the cable could be taken into account as an equivalent
drag coefflclent, as it was for the lateral oscillations.
If a value of drag coefficlent of the correct order of
magnitude 1s substituted in the relations presented in
reference 2, the pendulum oscillations may be shown to
be well damped at long cable lengths.

At short cable lengths and moderate speeds, the
body hangs approximately vertically below the point
of support; therefore, very little coupling exlsts
between fore-and-aft movement of the body and pitching
motion. The oscillation is simply a pendulum motion
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wilth damping suppllied by ths cable drag. Inasmuch as
thils cable drag 1s small at short cable lengths, the
oscillation, though theoretlcally stable, 1s slowly
damped and may bscome unstable 1f disturbing influences
are preosent.

The analyels of reference 2 shows that other modes
of longitudinal oscillatlon involving bowlng of the cable
and pitching of the body are theoretically posslible, but
such osclllatlons have never been observed 1n practics.
It is belleved that tle drag on the cable prevents these
osclllatlons from becoming unstable.

IXPERIMENTAL INVESTIGATION

Flight tests wers mads of an approximately %-seale

model about:3dynamically- similey to- the-Nn€h tralling:
alrspeed head suspsndsd from & Stinson SR-84 airplane.

A drawing of the model 1s shown In figure 7. In order
to simulete pulling the head up to a support under the
airplane, the cord was run tarough &n eyelet on the cabiln
steps.

The instrument was stable when towed on ths vnd of
a 75-foot cable at speeds betwean 80 and 150 mlles per
hour. Lataral and fore-and-aft osclllatlions dampsd out
in a small number of cycles. It should be noted that
the corresponding cable lsngths on a full-scale towed
airspeed head, twlce the size of ths one tssted, would
be twilce as great. The corresnonding specds would be
VZ times as great in order_to_maintaln the same value
of the Froude number F = V&/&l.

When the model was drawn up to about 3 feet from
the airplane, 1t was suffilciently stable at 80 mlles per
nour. Unstable osclllations did not start whlle the
body was left in this vposltion for about a minuts. This
behavior Jdo2s not necessarlly lndlcate that the oscllla-
tions would have damved out once they had started. The
theory shows that a large number of osclllations 1is
required to double amplltude; tho tody micht, therefore,
have to be towed for a conslderable langth of. time
before osclllations would become notlceable. Unfortunately,
no means were available to start an oscillation.

As the spesd was Increased, the motlon bscame less
stable, until at 95 miles per hour increasing oscillations
occurred. As predlcted by the theory, both the
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fore-and-aft and lateral oscillatlons had perlods close
to the.perlod of a_simple pendulum. The lateral and
fore-and-aft oscillations 1nevitably conbined to cause
the instrument to travel in an elllptical orbit. The
direction of rotation was such that the instrument
swung back as 1t came closest to the fuselage. Proba-
bly the increased veloclity near the fuselage fed energy
Into the motion with each osclllatlon and caused a
greater rate of increase in the amplitude than would
have been predicted by the theory.

Several modifications of the model were tried in an
effort to improve the stabllity. Two modlifications
appeared to 1lmprove the stability of the pendulum oscil-
lation at short cable lengths. One o these changes
conslsted in shifting the plvot point rearward 1/2 inch,
and the other consisted in equipplng the model with a
hinged rudder with welght behind the hinge line and
viscous damping. These changes prevented the oscilla-~
tion from appearing spontaneously as the speed was
gradually increased from 80 to 140 mlles per hour. A
theoretical study indicates that these changes should
have only secondary effects on stabllity. These tests
are not considered to be a conclusive demonstration of
the stabllity of the body because 1t is not known whether
osclllations would have damped out once they were started.

Various other modifications that were tried resulted
in unstable short-period osclllatlons of the body. These
tests were made at a speed of 80 miles per hour. A
forward shlft of the pivot point caused a pitching oscil-
lation. This motion was belleved to be the result of
elasticlty of the cable and mass unbalance of the body
and was simllar in nature to flutter. A freely hilnged
rudder wlth weight behind the hinge line caused a short-
perlod yawing oscillation. The use of an asymetrical
vertical fin, extending only below the body, caused a
short-period rocking motion of ths body.

Another type of instabllity has been encountered on
e few occaslons when the full-slze NACA alrspeed head
was lowered at the full length of the cable (approxi-
mately 200 ft). In one case in which this motion was
observed, the airapeed head was lowered from the door
of a twin-engine low-wing cabin monoplane, The head
was steady at speeds below 150 miles per hour, but at
this speed osclllations of about 3-foot wave length dn
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the cable originated at the alrplane and traveled down
to ths body. As the speed was Increased to 165 miles
per hour, the osclllations beceme very violent and
caused a pltching motion of the body. The whipping
action at the lower end of the cable eventually caused
1t to break. A metal sphere was later towed from the
same airplane and the oscillations occurred as before.
The osclllation was therefore not related to the aero-
dynamic characteristics of the body. It was belleved
to be cavsed by the actlon of unsteady air flow from
the wing-fuselage Juncture on the tocw cable. The same
alrspead head has been used without difficulty at much
hizher speeds on other airplanes.

Several relatively light, large-slize towed bodies
have been tested in flight. The pendulum osclllation
of these bodies has never been known to become unstable,
even when the body was ralsed or lowered from the alr-
plane gquite slowly. This behavior 1s in agreemsant
with ths theoretical prediction. These bodles have a
small value of u compared with that of the towed
alrspsed head; the unstable region at normal flying
sneseds 1s therefore very small.

DISCUSSION COF RESULTS

The theoretical and experimentel investligations
have shown that the pandulum motion of a towed body may
becoms unstahle when the body 1is drawn up close to the
airplane. The theory shows that the instabllity is
not ssrious because the amplituds of the osclllations
Increasss very slowly. The maximum cable lsngth at
which unstable oscillations can occur may b2 reduced
by reduction of the ratlo of radius of gyration to tail
length of ths body and by increase of the fin area and
aspect ratlo.

More vliolent instabllity of the pendulum oscillla-
tlon than would be prsdlcteéed by the thsory, as well as
other types of instabllity, may be lntroducsd by
unsteadiness or lack of uniformlty of the alr flow
in the reglon wherse the body 1Is lowered from ths alr-
nlane. Inasmuch as no practical method has been found
to provide large damping of the pendulum osclllations
when the body 1s close to the alrplane, 1t 1s desirable
to lower tha body from a point where 1t is not subjected
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to these disturbing influences. A sultable location
would probably be on the plane of symmetry of a twin-
engine alrplane, or.on .the wing of a single-engine
airplane at a point outside the slipstream. Xt also
appears desliable to lower and ralse the body at low
flying speed, because the unstable osclllations then
increase in amplitude very slowly. If these precautions
are taken, 1t should be possible to lower a towed body
wlthout attentlon on the part of the pilot. The only
possibillity for unstable oscillations to develop would
be 1f the body were left for long perlods suspended
only a few feet below the alrplane. Osclllations of
the system at large cable lengths are rapldly damped
because of the cable drag.

CONCLUSIONS

«d

l. A theoretical study of the motion of a suspended
body stabllized by fins showed that 1t had two modes of
lateral oscillation with the following characteristics:

(a) Weather-vane oscillation

The weather-vane mode of oscillatlon was
rapldly damped and had a period about equal to that
of the Instrument oscillating as a weather vane about
a vertical axis through 1ts center of gravity.

(b) Pendulum oscillation

The perlod of the pendulum mode of
oscillation was about the same as that of a simple
pendulum of length equal to the vertical distence
of the body below the airplsane. The osclllation
was damped by the cable drag at large cable lengths
but was unstable at short cable lengths. The rate
of lncrease of amplitude 1in the unstable region was
very small. It was found that the unstable reglon
could be restricted to short cable lengths at normal
alrplane speeds by keeping the radius of gyration
of the body small and Increasing the fin area,
aspect ratlio, and tall length.

2., In flight tests, more violent instability of
the pendulum motion was encountered than would have
been expected from thes theory and other types of
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Instabllity occaslonally occurred. These condltions
were attributed to the action of unsteady alr flow on
the cable. It 18 belleved thaet unsatilsfactory behavior
of a towed suspended body can be avolded by lowering and
ralsing the body at low flylng speeds from a polnt on
the airplane where the air flow is uniform.

Langley Memorial Aeronautical Laboratory,
Natlional Acvisory Committee for Aaronautics
Langley Field, Va.
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APPENDIX
" DETERMINATION OF" EQUIVALENT -DRAG COEFFICIENT OF .THE CABLE

The drag of each cable element of height dz 1s
= P
dDG cd, e 2Vzdz

where cg, is the drag coefficlent of the cable per unlt

vertical helght. The variation of thils drag coefficlent
with inclination of the cable has been obtalned from the
data of reference 3 and is presented in figure 8. 1f
the assumption is made that the cable remains straight
when vliewed from the front, each cable element has a
lateral veloclty proportional to its distance below the

alrplane. The slde force acting on each cable element
is

= ¥e
ch ch v

The total silde force 1s

This slde force has besen determined by graphical
integration for cables with various values of X/Z, the
ratio of horilzontal length to height. The cable form
was assumed to be that of one-quarter of a sline wave,

as shown in figure 9(a). Although the shape of the
actual cable may deviate somewhat from a sine curve,

the error in the calculated side force will be small.

The location of the resultant side force may also
be determined graphlcally as the center of gravity of
the area representing the side-force distribution. Ir
the 1lnertlia of the cable 1s neglected, the lateral forcs
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will be balanced by reactions on the body and on the
polnt of support; the magnlitude of the reactions will
depend on the posltlion of the resultant side force on
the cabls. As shown by figure 9, most of the slde
force on the cable is transmitted to the body. Let
the fraction of the total side force that 1s applied
to the body be K. The slde force appnlisd to the
body 1s then

Y, = K¥,

1
Kw, V2 fo cag Z d(%)

1
Z s/2
a%, [ch%/g cd, % d(Z) 2,
2

day L s

By comparison with formula (2), the quantity in brackets
may be substltuted as an equivalent drag coefficlsnt in
the formula for Yy. The relations may be summarlzed
as follows:

Lvs
y (FDb + ch) m

H
|

where

. Kw,Z fl z (2
Dc S 0 cdc 2 (Z

The value of CDc may be determined from flgure 4 for
cablas of varlous values of the ratio X/Z.

In order to determine the variation of Op, with

cable length as the body is drawn up to the airplane, 1t
1s necessary to know how the ratio X/Z changes with
cable length. Typlcal examples have bsen worked out
for two airspeeds for the alrspmeed head and cable
previously described. The shape of the cable was
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determined from considerdtion of the forces acting on

the cable elements, obtalned from reference 3. ' The
cable shape for each speed 1s shown in figure 10. Any
point on the cable may he considered as a point of
suspension. The variation of the ratio X/Z as the
cable 1s drawn in or lebt out may therefore be determined
-graphlcally from this figure.
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5e= Top view of trailling alrspeed head showing component
Figume 2. of side force due to drag.
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